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Predicting species responses to global warming is the holy grail of climate change science. As temperature directly
affects physiological rates, it is clear that a mechanistic understanding of species vulnerability should be grounded in
organismal physiology. Here, we review what respiratory physiology can offer the field of thermal ecology, showcasing
different perspectives on how respiratory physiology can help explain thermal niches. In water, maintaining adequate
oxygen delivery to fuel the higher metabolic rates under warming conditions can become the weakest link, setting
thermal tolerance limits. This has repercussions for growth and scaling of metabolic rate. On land, water loss is more
likely to become problematic as long as O2 delivery and pH balance can be maintained, potentially constraining
species in their normal activity. Therefore, high temperatures need not be lethal, but can still affect the energy intake of
an animal, with concomitant consequences for long-term fitness. While respiratory challenges and adaptive responses
are diverse, there are clear recurring elements such as oxygen uptake, CO2 excretion, and water homeostasis. We show
that respiratory physiology has much to offer the field of thermal ecology and call for an integrative, multivariate
view incorporating respiratory challenges, thermal responses, and energetic consequences. Fruitful areas for future
research are highlighted.
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Introduction
Respiration is a key feature of animal life, usually
with oxygen being used by the mitochondria in
oxidative phosphorylation as the prime mechanism
that provides metabolic energy. At the same time,
temperature is a key environmental driver of animal
life, since it determines the energetic costs for main-
tenance and the rates at which energy can be gained.
Considering that—all else being equal—the energy
available to an organism represents a useful mea-
sure of potential fitness, it is clear that the interplay
between respiratory physiology and thermal biol-
ogy has much to offer in understanding the ecology
and evolution of species. Here, we focus on these
aspects to point out the links between respiratory
functions and thermal niches of species. Tempera-
ture directly affects metabolism in ectotherms and
hence their respiration. For endotherms, temper-
ature modulates the allocation of energy to either
heat generation or dissipation, which alters oxy-
gen requirements. What about the reverse: what
can respiration physiology tell us about how ani-
mals can cope with extreme or variable temper-
atures (i.e., their thermal niche)? Here, we offer
different viewpoints on how respiratory physiology
may contribute to understanding species thermal
adaptation, with topics exemplified by terrestrial
insects, intertidal snails, and aquatic eurytherms.
The review is not an attempt to be complete, but
rather aims to highlight key developments that
showcase how respiratory physiology shapes the
thermal niche of a species and to propose promising
directions for future research to better understand
and forecast species responses to climate warming.
doi: 10.1111/nyas.12876
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Metabolic scaling and the thermal niche
Temperature has a pervasive effect on the physiolog-
ical rates of animals (e.g., Ref. 1), including a species’
energy metabolism, which is closely approximated
by the rate at which it consumes oxygen. Therefore,
intuitively, the metabolic and thermal aspects of a
species’ niche should be tightly connected to its res-
piratory physiology. However, explaining a species’
performance from its metabolic rate is less than
straightforward. This could be related to the vari-
ability inherent in metabolism. Indeed, metabolic
rate can be viewed both as a boon and a burden,
either representing the flow of energy and hence
the capacity of an organism to be active, grow, and
reproduce (aerobic scope) or representing the ener-
getic maintenance costs (standard metabolic rate).
A major source of variation in metabolism is
linked to the body size of the organism. Not
surprisingly, larger animals require more oxygen.
What is surprising, however, is the observation that
metabolic rate does not increase in direct propor-
tion to body size (e.g., Refs. 2–4). Instead, the rela-
tionship is allometric, such that metabolic rate (MR)
scales with body mass (M) approximately as a power
function (MR  Mb, where b is a scaling exponent).
The value of this exponent is usually smaller than
1, indicating that larger animals consume less oxy-
gen relative to their body size, which may indicate
that there are advantages associated with being large.
While early work generally supported the hypothe-
sis that metabolic rate scaled in proportion to body
surface area (e.g., b = ⅔),2,5 later the exponent
b = ¾ came into widespread use.6
The relationship between body mass and
metabolism continues to be an active area of
research (for reviews, see Refs. 7 and 8). Elucidating
the exact value of the scaling component has far-
reaching consequences for ecology, given the central
importance of scaling relationships in many models,
including those for ontogenetic growth, a key com-
ponent of the ecological niche.9,10 Despite a broad
consensus by the 1980s that metabolic rate scaled,
on average, with an exponent of ¾, there has long
been evidence against the universality of any sin-
gle value.9,11,12 The scaling exponent of metabolic
rate has, for example, been shown to vary between
endotherms and ectotherms,13,14 among taxonomic
groups,15,16 among activity states,15,17 and along the
gradient in body size itself.16,18
While linking metabolism directly to ecologi-
cal fitness has proven difficult, evidence of asso-
ciations between the scaling of metabolic rates of
species and characteristics of their ecological niches
are beginning to accumulate. This suggests not
only that the value of the metabolic scaling expo-
nent is variable, but that the observed variation
has ecological causes or consequences. There are
a number of examples for both biotic (intrinsic,
biological) and abiotic (extrinsic, environmental)
effects on the scaling exponent of metabolic rate
(reviewed in Refs. 11 and 19). For example, the scal-
ing exponent of metabolic rate is lower in benthic
(bottom-dwelling) aquatic animals than in pelagic
(open-water) ones,20 and amphipods such as Gam-
marus minus that live with predators have a lower
metabolic scaling exponent than those that do not.21
Examples of extrinsic, abiotic influences on the scal-
ing exponent of metabolic rate often pertain to
resource availability. For example, decreases in the
scaling exponent were found for light limitation in
phytoplankton,22 dietary imbalance in Daphnia,23
and food restriction in Manduca sexta caterpil-
lars, albeit not significantly.24 In contrast, scaling
exponents were found to increase due to starvation
in shore crabs (Carcinus maenus),25 sand dollars
(Mellita quinquiesperforata),26 and fish.27,28 Recent
observations suggest that rapid growth and shal-
low scaling exponents are associated, providing a
quantitative link between physiological scaling and
mechanistic models for ontogenetic growth.10,29
When one turns to the effects of temperature
on metabolic scaling, the most consistent effects
have been found for fish, and these had shallower
scaling exponents of metabolic rate with increas-
ing temperature.30 This pattern is consistent with
both Glazier’s hypothesis that the metabolic level
of an animal itself sets boundaries to metabolic
scaling7,11 and with the recent hypothesis that the
challenge of gas exchange underwater is depen-
dent on size.31 Breathing underwater is especially
challenging for small animals, for whom viscosity
effects are more pervasive, and this size difference
becomes more pronounced in cold water, which
is more viscous31 (see also next section). Ivleva32
also found a decrease in the scaling exponent with
increasing temperature for crustaceans, but sup-
port from less comprehensive studies is mixed (see
Refs. 7 and 11 for comprehensive reviews). A valu-
able next step in distinguishing among alternative
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hypotheses for metabolic scaling7,11,31 would be to
investigate whether the mass scaling exponent for
standard metabolism of air-breathing ectotherms
is likewise temperature dependent (as predicted by
Glazier’s hypothesis) or independent (as predicted
by the size-dependent viscosity effect of water).
Establishing whether increasing temperature con-
sistently causes shallower slopes in both air and
water breathers will also help reveal whether rapid
growth and shallow scaling exponents are intrinsi-
cally linked or not.
Balancing oxygen supply and demand
while breathing water or air: regulatory
ability as a key trait
Respiration represents a delicate trade-off, as oxy-
gen is both toxic and essential for aerobic energy
generation. Toxic effects of oxygen arise as oxygen
radicals are produced in the mitochondria in an
oxygen-dependent manner. While toxicity effects
are most readily manifested at high partial pres-
sures of oxygen, when cellular defense mechanisms
are overwhelmed, even normoxic levels have been
shown to induce extensive oxidative damage both
in vivo and in vitro,115 contributing to the wear and
tear that we experience as aging.116 This is because,
at normoxia, oxygen partial pressure (21 kPa) is still
approximately 50 times higher than that at which
mitochondria function optimally (0.3–0.5 kPa). As
such, it is important for organisms to deliver just
the right amount of oxygen to respiring tissues, and
the respiratory system can perhaps be usefully char-
acterized as a gatekeeper of oxygen distribution.33
Thus, an animal must be able to reduce the risk
of oxygen toxicity, while at the same time retaining
sufficient scope for oxygen uptake across different
levels of activity to avoid asphyxiation.31 These risks
go hand in hand: while a greater capacity to take up
oxygen would do away with asphyxiation risks, such
an overdesigned respiratory system would come at
the high price of oxygen toxicity. For example, avoid-
ing oxygen toxicity is one of the hypotheses put forth
to explain why many terrestrial insects breathe dis-
continuously when at rest.34 The tight balancing act
between the risks of oxygen toxicity and asphyx-
iation may explain why the oxygen requirements
of an organism and its capacity to supply oxygen
are frequently matched, as recognized by the prin-
ciple of symmorphosis,35 and may have played a
role in the recurrent evolution of large body sizes
during geological periods when atmospheric oxy-
gen levels were putatively high (Carboniferous and
end-Cretaceous).31,117
With temperature and body mass constituting
two primary influences on metabolic rate,36 it is
of interest to evaluate how both these factors affect
the balancing act of respiration. For this, one needs
to differentiate between respiratory media, as res-
piratory challenges are very different for organ-
isms breathing air or water.31 Air contains much
more oxygen than water (30 times more at 20 °C),
and, in addition, diffusivity of oxygen is about four
orders of magnitude greater in air than in water.37 In
water, temperature and body size affect the balance
between the oxygen requirements of an organism
(oxygen demand) and its capacity to deliver oxygen
(oxygen supply) (Fig. 1). Temperature affects both
oxygen demand and the bioavailability of oxygen
in water, which generally gives rise to a progres-
sive mismatch between oxygen supply and demand
with increasing temperatures,38,41 since the capac-
ity of oxygen-supply mechanisms is limited.39 Body
size likewise increases oxygen demand and supply,
which again results in a mismatch as larger organ-
isms generally have smaller (respiratory) surface
area-to-volume ratios. These generalities beguile a
deeper complexity, where effects of temperature on
viscosity and effects of body size on the ventila-
tory movement of water across respiratory surfaces
result in differences in ventilatory efficiency.31 The
ventilation efficiency, in turn, is essential for regu-
lating oxygen uptake, which plays an obvious role in
balancing risks of oxygen toxicity and asphyxiation.
Whether gas exchange takes place in air or water,
ultimately all organisms have to deal with the lower
diffusivity and solubility of oxygen in water. This is
because even air breathers will ultimately perform
gas exchange across a watery environment (e.g., a
thin aqueous film in tetrapod lungs, wet skin in
amphibians, and fluid-filled tracheole in insects).
What makes breathing under water a challenge is
the much larger effort of ventilation required in
water compared to air owing to the higher density
and viscosity of water, meaning that greater efforts
are required to create a sufficiently steep gradient in
partial pressure of oxygen to facilitate oxygen dif-
fusion across respiratory surfaces. This also means
that the ability of organisms to dynamically change
and regulate oxygen uptake (i.e., their regulatory
ability) is inherently more limited in water than
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Figure 1. Overview of the myriad effects of temperature, both direct and indirect, on both oxygen-supply capacity and oxygen
requirements. Adapted from Refs. 31 and 38.
in air.31 One way to reduce the cost of breathing
in water is the adoption of cutaneous respiration,
given that this requires no ventilatory effort. Indeed,
virtually all aquatic ectotherms use cutaneous res-
piration to augment their oxygen uptake. However,
as animals can exert relatively little control on the
passive diffusion of oxygen across their integument,
a higher reliance on cutaneous respiration only
further reduces the capacity of water breathers to
regulate oxygen uptake,31 explaining the greater sen-
sitivity of skin breathers to fluctuations in tempera-
ture and environmental oxygen conditions.40
Both temperature and body size affect ventilation
efficiency. Oxygen diffusion is reduced in cold water
owing to the thermal dependency of diffusivity. In
addition, cold water is more viscous than warm
water, further impeding oxygen diffusion because
a thicker layer of water clings to respiratory surfaces
(thicker boundary layers)38,41 (Fig. 1). A greater ven-
tilatory effort is needed to disrupt these boundary
layers and restore contact between the respiratory
surfaces and fresh oxygenated water. Contrasting
with these negative effects of cold water on oxygen
supply is the greater solubility of oxygen in cold
water. Hence, cold water is less likely to become
depleted of oxygen. Thus, the need for costly ven-
tilation is also reduced, allowing greater ventilatory
efficiency in cold water.31 A cold-induced reduction
in oxygen demand further ameliorates this situation.
To complicate matters, the viscosity-related effects
are size dependent, affecting small organisms much
more strongly than larger organisms (Fig. 1). Thus,
the consequences of warming for underwater gas
exchange are very context dependent, depending on
the oxygen consumption of the organism, its speed
and size (which govern how much it is affected by
viscosity in the first place), and its rate of ventilation.
Small animals, which are heavily affected by vis-
cosity, with low oxygen-consumption rates or high
ventilation rates will be more likely to experience
increased oxygen availability in warm waters, while
large animals with high oxygen consumption and
low ventilation will be more likely to face decreased
oxygen availability. These size differences in ven-
tilatory ability may help explain the phenomenon
that body size is reduced whereas growth rates are
enhanced in warmer waters,31,42 a phenomenon that
seems to be more prominent in aquatic than in ter-
restrial ectotherms.43
The concept of oxygen- and capacity-limited
thermal tolerance (OCLTT) envisages a key role
for respiratory physiology in limiting thermal
performance through the development of a
mismatch in whole-organism oxygen supply and
demand. The recognition that regulatory ability is
far more difficult or energetically costly to achieve
in water than in air may help explain differences
in the thermal biology of air breathers and water
breathers. For example, Verberk and Bilton44,119
compared various insects covering a range of
respiratory strategies (e.g., air, gill, and plastron
breathers), exhibiting contrasting ability to regulate
oxygen uptake, and demonstrated that species with
poor regulatory abilities (aquatic animals with gill
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and tegument breathing) were consistently more
vulnerable to the combined effects of heat and
hypoxia. This demonstrates that differences in
regulatory ability are linked to the degree to which
their heat tolerance is limited by oxygen. In a related
vein, Giomi and collegues45 linked such improved
heat tolerance in air to the recurrent evolution of
air-breathing. This finding is further supported
by the great species richness of air-breathing crabs
and fishes within the tropics, where the high
environmental temperatures drive the frequent and
independent transition from water-breathing to
air-breathing forms. Similarly, the capacity of the
tropical eurythermal shrimp Macrobrachium rosen-
bergii to sustain aerobic metabolism and oxygen
delivery even at high temperatures would predict
that species to have excellent regulatory ability.46
The well-known progressive lowering of the affinity
of oxygen-binding proteins with increasing temper-
atures could explain how eurytherm crustaceans
maintain efficient oxygen delivery at high temper-
atures. This mechanism has been demonstrated for
the green crab (Carcinus maenas),47 showing that
during acute heating the progressive hypoxemia
and the resultant hemolymph acidosis greatly
facilitated the unloading of oxygen into tissues.
Thus, organisms with a good oxyregulatory ability
may better tolerate high temperatures. Being able to
accurately meet temperature-induced fluctuations
in oxygen demand safeguards organismal energy
status and performance, which ultimately govern
population and ecosystem dynamics.
Respiration of eurytherms and
stenotherms: a trade-off between
thermal specialization and performance
The dimensions of a species’ thermal niche arise
from the concerted effects of genetic traits, epi-
genetic inheritance, and plastic responses to local
environmental thermal conditions.48–52 Depending
on the stability of thermal conditions, selection
has given rise to widening of the thermal niche
or to distinct thermal specialization.53,118 So-called
eurythermal species have a wide thermal niche,
occupying contrasting and highly variable ther-
mal environments. Eurythermal species display a
great functional capacity across a wide range of
thermal conditions, thanks to their large scope for
phenotypic plasticity acting on different hierar-
chical levels.48,54 Among others, this includes the
temperature-responsive expression of different iso-
forms of genes and temperature-dependent adjust-
ments of mitochondrial function and of the capacity
of compensatory mechanisms of systemic processes,
such as the tuning of respiratory, cardiovascular, and
ventilatory systems.51,55,56 Conversely, the adaptive
processes driven by stable climatic conditions and
limited temperature fluctuation (seasonal and daily)
operate toward thermal specialization, setting nar-
rower thermal performance windows and promot-
ing the evolution of stenothermal forms.48,57,58 A
driving force for the evolution of thermal special-
ization relates to the energy savings involved in a
stenothermal mode of existence.59
The coexistence of thermal generalists and
specialists suggests that a trade-off exists between
the level of performance at the thermal optimum
and the breadth of the thermal niche, which
in turn gives rise to stenothermal species that
can successfully outcompete their eurythermal
counterparts, but only under stable environmental
conditions, and eurythermal species that are
more successful in more variable environments.48
Evaluating such a trade-off, however, requires
knowledge of the underlying physiological mecha-
nisms. Temperature-induced mismatches between
oxygen-delivery capacity and oxygen demand and
the heat thresholds that bring a species to hypox-
emic conditions have been suggested to underlie
thermal tolerance limits in ectotherm species.51
Consequently, thermal specialists could be espe-
cially limited by their capacity to increase oxygen
uptake to meet demand in warm conditions.44,45,119
Recent attempts to predict species’ vulnerabil-
ity and resilience to climate change rely heavily
on their presumed respiratory physiology and the
differences therein between thermal generalist and
specialist species.60,61 With the emphasis on acute
heat stress, it has been proposed that the actual
trend of global warming would provide general-
ist eurytherms with a clear advantage compared to
specialist stenotherms.62–65 These studies estimate
absolute changes of ectotherm metabolic rates at a
global scale and envisage that tropical specialists liv-
ing close to the upper limit of their thermal niche
could experience the largest increases in metabolic
demand. If their capacity to meet demand is ther-
mally impaired, this would result in a rapid fall-off
of observed metabolic rates at critical temperatures.
Indeed, in tropical stenotherms, owing to a narrow
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breadth of the thermal niche and the steep slope of
the metabolic curve, minor environmental warming
would lead to stronger increases in metabolic costs
than in eurytherm species. Validations or refuta-
tions of these projections critically depend on both
how eurytherms and stenotherms can tune their
metabolic plasticity and how they can adapt to cli-
mate warming.
With regard to metabolic plasticity, experimental
studies suggest that thermal specialists may poten-
tially face anomalous climatic events more effec-
tively than their generalist counterparts, contrasting
with the predictions above.66 These studies demon-
strate how thermal specialists may acclimatize and
efficiently shift their thermal-tolerance windows
on a seasonal basis. Such seasonal acclimation of
metabolic costs indicates the potentially adaptive
response of thermal specialists and their capacity to
optimize energy demand in response to tempera-
ture variations.51 Seasonal acclimatization involves
different components of respiratory function (e.g.,
ventilation activity, oxygen consumption, affinity of
oxygen-binding proteins) and shows that the ther-
mal optimum for respiratory performance shifts
toward higher temperatures when animals move
from cold to warm seasons.67
Acclimatization potential has also recently been
studied by comparing the respiratory functions of
populations at different latitudes, and the results
provide empirical support for the notion that
thermal specialization may be adaptive at tropical
latitudes. Specifically, Fusi et al.68 have shown that
eurythermal mangrove crabs are able to withstand
thermal conditions fluctuating on a diurnal and
seasonal basis, sustaining functional capacity across
a wide range of temperatures. However, while
these populations are adapted to a wide thermal
range, they are vulnerable to extreme heat events
that extend beyond their range of environmental
temperatures, showing a weak capacity to endure
anomalous climate warming. In contrast, tropical
stenotherms were able to endure such anomalous
heat stress. They maintained functional capacity
by increasing respiratory function to effectively
meet the heat-induced increase in oxygen demand
(Fig. 2).
It seems that stenotherms rely more heavily
on their acclimation potential than eurytherms
to withstand cyclical or anomalous temperature
fluctuations. It is possible that eurytherms need
to resort less to acclimatory responses to deal
with temperature changes owing to their broad
thermal window. Taken together, this suggests that
stenotherms may have a larger scope for acclima-
tization than eurytherms. The explanation for a
larger scope for acclimatization in stenotherms
may be rooted in the physiological costs that
drive the eurytherm–stenotherm trade-off. The
evolution of thermal niches of increasing width is
paralleled by the rising severity of environmental
stress that organisms undergo and whose tolerance
is directly limited by bioenergetic constraints.69
To permanently sustain functional capacity across
a wide range of thermal conditions is costly for
eurytherms, diverting energy away from somatic
growth and reproduction.48,57,59,70,71 Conversely,
thermal specialists, such as tropical or polar
stenotherms, maximize their fitness in a narrower
thermal niche and minimize maintenance costs, but
exhibit increased capacity for phenotypic plasticity
and acclimation responses.59
Future studies should investigate whether ther-
mal specialists may also have a greater potential for
rapid adaptation to climate warming, making them
less vulnerable than their thermal generalist coun-
terparts. Indeed, a reduction of the acclimatization
response seems to be involved in adapting to a range
of climatic conditions (i.e., becoming a thermal
generalist53,58,72,73). Consequently, this may render
thermal generalists more vulnerable to global warm-
ing, since they may lack the potential to accomplish
further niche shift via either plastic responses or
rapid evolution.74,75 In specialists, because of the
steeper slope of the metabolic curves, a small shift
in thermal niche width produces a sizeable change
in temperature-dependent metabolic costs (Fig. 3).
Water loss in terrestrial insects: a trade-off
between water conservation
and gas exchange
Water loss potentially provides a direct link between
the thermal niche of a species and its respiratory
physiology. Water loss or transpiration can occur via
cuticular transpiration or via gas exchange (respira-
tory transpiration), although typically the majority
occurs via the former (70–80% of total water loss).
Especially in terrestrial insects, breathing dry, warm
air may challenge water balance, owing to their small
surface area-to-volume ratio. Additionally, their low
thermal inertia can lead to rapid increases in body
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Figure 2. Conceptual model of different susceptibility to climate warming between temperate (eurythermal) and tropi-
cal (stenothermal) species. Temperature-sensitive species/populations (blue line) adapted to a high-latitude climate sustain
temperature-dependent performances on a wide thermal niche but are more vulnerable to the effects of stochastic anomalous
warming. Comparatively, tropical species/populations, particularly adapted to a more stable climate, may endure modest increases
of environmental temperatures. Note that the anomalous heating events (orange areas) are less intense at tropical than at temperate
regions, as predicted by the current projection on climate change. Modified from Ref. 68.
temperature, thereby increasing the water vapor
saturation deficit (i.e., the difference between the
actual water vapor pressure and the saturation vapor
pressure). This means that insects and many other
small ectotherms may desiccate faster and experi-
ence more rapid fluctuations in body temperature
compared to larger organisms, all else being equal
(e.g., morphology, color). Water loss may be tightly
coupled with metabolic rate through the respira-
tory contribution of water lost from the mainly air-
filled tracheae. Both water-loss rates and metabolic
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Figure 3. Projections of different adaptive strategies to climate warming between thermal generalist and specialist species. Thermal
generalist species are able to sustain metabolic rate across a wide thermal niche thanks to compensatory mechanisms of respiratory
functions. However, this pronounced phenotypic plasticity can reduce the potential for adaptive responses to anomalous climate
warming. In contrast, thermal specialist species, confined in a narrower thermal niche, show limited acclimation response and may
be more susceptible to niche shifts driven by evolutionary adaptations. Note that, thanks to the different skewness of the metabolic
rate curves, minor niche shift (dotted black arrows) would be mirrored by different absolute variation of metabolic rate between
generalist and specialist species (solid black arrows).
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temperature (but see the section on temperature-
insensitive metabolism, below). Hence, elevated,
sublethal temperature conditions may increase the
rate at which body water becomes depleted. It can
therefore be argued that high temperature–related
physiological limits are also imposed through indi-
rect effects on metabolic rate and concomitant water
loss in terrestrial animals, especially if there is lim-
ited access to water and food resources during the
stress period.120
As the drying power of the air increases (i.e.,
increasing saturation deficit), it is expected that the
contribution of respiratory transpiration to total
water loss will increase, necessitating biochemi-
cal, physiological, morphological, and behavioral
adaptations to tolerate or resist desiccation. Indeed,
several early studies revealed distinct relationships
between metabolic rate and water-loss rate that
differed between insect species (mainly beetles)
from mesic and xeric environments,76,77 with xeric
species showing lower water-loss rate at a given
metabolic rate and showing a clear relationship
between water loss and metabolic rate.77 In addi-
tion, a generally positive association exists between
gas-uptake rate and water-loss rate in resting
insects.78,79
Nevertheless, linking patterns in water-loss rates
to fitness of insects under different thermal regimes
is complicated. For example, even detailed assess-
ments of differences in water-loss rates and survival
times, considering the influence of saturation deficit
separately from that of temperature and humidity,
did not result in any clear patterns of association
with habitat moisture availability in four species of
Glossina flies,80 despite the fact that broad corre-
lations exist among the water-loss rates and envi-
ronments of these species, also after accounting for
phylogenetic relatedness.81 Further confounding
the intuitive importance of body condition via
resource-depletion and hydration status is that,
when insects are starved or desiccated for several
days before heat- (or cold-) tolerance estimation,
or exposed to combinations of both stressors,
their lethal thermal limits remain remarkably
unaffected.82,83
Given the mixed results obtained for simple
direct tests of these predictions, two broad pos-
sibilities arise. Either these relationships between
thermal niches and respiratory water loss genuinely
do not exist, or methodological issues have con-
founded the outcomes to some extent (e.g., mis-
match between acute acclimation and evolutionary
time scales, differences in respirometry approaches
employed, and variation induced by methodology
for estimating thermal limits). While some consider
that a link between water-loss rates and thermal
niches requires respiratory water loss to constitute
a large part of total water loss, this is not neces-
sarily the case. Indeed, even a small reduction in
respiratory water loss may still introduce a fitness
advantage within a natural population.84 In addi-
tion, and perhaps more importantly, if water bal-
ance is challenged under warm, dry conditions, one
would reason that insects attempt to minimize res-
piratory water loss in response to such harsh envi-
ronmental conditions. Insects may modulate res-
piratory transpiration through variation in pattern
(e.g., discontinuous gas exchange (DGE)), and min-
imizing water loss has been proposed as one of
the main drivers for DGE patterns. For example,
Nauphoeta cinerea cockroaches that show DGE have
lower water-loss rates and live longer than individu-
als not showing DGE.85 One way to effect a change is
through modification of the spiracular (or tracheal)
cross-sectional area (e.g., via spiracular behavior,
shifts in gas-exchange pattern, or modulation in
gross metabolic rate), thus influencing the basic Fick
equation for gas transfer.86 Precisely how respiratory
water loss might be modulated by metabolic rate
is unclear and controversial.83,87 Regardless, insect
eggs typically exert rapid control over the oxygen–
water trade-off,88 indicating a selective advantage
thereof.
One potential solution to the conflicting evi-
dence on modulation of respiratory transpiration
obtained to date is that trade-offs and hierarchies
of control (or fundamental system constraints)
prevent all species from responding equally or in
a similar manner to the same external stressors.
There are multiple solutions to the problem of
maintaining water balance, with insects relying
on different solutions. This point was already well
appreciated in Hadley’s scheme, 89 which comprised
five adaptive types: behavioral avoidance; enhanced
water conservation; dehydration tolerance; high
fluid turnover; and water sorption dependence.
The capacity to mount a specific response may vary
among species or taxonomic groups, each within
its own constraints set by the environmental con-
ditions or body plan, with some constraints taking
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Figure 4. Schematic hierarchy of abiotic stressors influencing
whole-animal gas-exchange responses. Different levels indicate
stressors prioritized by the insect in decreasing order of impor-
tance, with level 1 indicating the stressor that is of highest pri-
ority to the animal; level 3 indicates stressors that can only be
regulated once priorities from levels 1 and 2 have been satisfied.
Arrows represent the interactions between the various stressors.
All physiological regulation takes place within the context of the
species’ morphology. Adapted from Ref. 90.
precedence over others to give rise to a hierarchy of
constraints.123
In conclusion, hierarchies of control and trade-
offs among competing demands within the same
system to achieve different objectives need to be
considered carefully in tests of adaptive hypotheses
for respiratory modulation (Fig. 4). This therefore
suggests that an integrative, systems biology view
is required to address the problem of gas, water,
and energy flux through an organism’s respiratory
system to better understand thermal adaptations.
The respiratory system of insects, and typically
all air-breathing animals, first prioritizes sustained
cellular aerobic metabolism by optimizing oxygen
delivery, probably owing to the far more ATP-rich
aerobic pathways of glycolysis. Second, the system
attempts to maintain a homeostatic set point for pH,
which can also be regulated by respiratory excretion
of CO2. Only if both of these two higher-level priori-
ties (oxygen and pH balance) have been satisfied and
have some innate flexibility (e.g., pH buffer capac-
ity) or tolerance to perturbation can the system be
employed to attempt to minimize oxidative damage
and reduce respiratory water loss.90 The capacity
for any further modulation will depend to some
extent on metabolic demand (e.g., activity state),
morphological structure (e.g., internal air stores),
and acid–base buffer capacity. It is thus reasonable
to assert that respiratory physiology can inform our
understanding of thermal niches and, hence, cli-
mate change impacts of insects. However, further
work is needed to understand the generalities and
exceptions from an evolutionary physiological per-
spective for improved robustness of predicting any
potential impacts.
Temperature-insensitive metabolism (TIM)
as a strategy to cope with fluctuating
thermal environments
The increase of metabolism with temperature may
be a boon or a burden. Indeed, more-active animals
can acquire resources more quickly, have higher
dispersal rates, and can better escape from preda-
tors, and temperature usually increases growth rates
and assimilation efficiency.91 However, the ener-
getic costs required to drive elevated performance
can become a burden, especially if resources are
scarce or their uptake is intrinsically constrained
by capacity limitations on activity and feeding. The
adaptive value of metabolic depression, the lower-
ing of whole-organism aerobic or total metabolism
(including anaerobiosis) as a means to conserve
energy when resting, has long been recognized
during diapause (developmental cessation) and
quiescence/estivation (response to environmental
change) in ectotherm animals, as well as during tor-
por and hibernation (associated with a shift in the
thermoregulatory set point) in endotherms (sum-
marized in Ref. 92). Yet despite this, current per-
spectives for animal fitness give little consideration
to energy conservation associated with depressed
resting metabolism, largely equating energy sur-
plus with net energy intake through activity and
feeding.93 Energy-conserving metabolic depression
at benign temperatures represents a different phys-
iological response than the stress-related depressed
aerobic performance.59 The latter is associated with
insufficient capacity for oxygen delivery at an organ-
ism’s thermal tolerance limit and ultimately causes
mortality.
Thus, depressed metabolism may be adaptive or
nonadaptive. In animals with adaptive metabolic
depression, metabolism can be thermally insensi-
tive (TIM) over a broad temperature range, and
becomes thermally dependent again at higher
temperatures (Fig. 5A). This recovery at high
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Figure 5. Resting physiological (metabolic) performance curves (red lines) and patterns of depressed metabolism (blue dashed
lines). (A) Adaptive temperature-insensitive metabolism (TIM) appropriate to intertidal animals experiencing widely varying
temperatures, showing recovery of thermal dependence as heating increases, presumably to support a heat shock response.
(B) Adaptive metabolic depression across the whole temperature range, appropriate to animals that behaviorally select stable
estivating thermal environments. (C) Nonadaptive, capacity-limited temperature-insensitive metabolism constrained by resource
or respiratory-related stress.
temperatures in animals whose heat-coma tem-
perature has been exceeded presumably generates
the energy to support a heat shock response.96
Alternatively, nonadaptive metabolic depression
can be seen as unavoidable, being forced upon an
organism from lack of food or oxygen, whereby
metabolism shows no recovery of temperature
dependence (Fig. 5C). In addition, metabolism may
be depressed but still thermally dependent across
the whole temperature range (Fig. 5B), which
likely occurs in stable, stenothermal environments.
This type of metabolic depression is exhibited by
terrestrial gastropods that estivate in behaviorally
selected stenothermal habitats.94 In contrast, TIM
seems especially well developed in the uppermost
intertidal gastropods that experience strong tem-
perature fluctuations on a daily basis, elevated
by direct solar exposure, while experiencing food
and energy intake constraints.95,96 In the eulittoral
fringe zone, the time period and thermal range for
foraging is limited by infrequent wetting, and by
snails rapidly becoming inactive under rising aerial
temperatures—well below their thermal tolerance
limits—to reduce desiccation risk.96
Energy gain during feeding is already constrained
in gastropods by their generally low scope for
activity and costly mode of locomotion.97 Whereas
many ectotherms, especially highly active ones,
are more or less capable of thermally adapting
performance breadth for locomotion to match
the environmental thermal range (for above-zero
temperatures),48 similar adaptive selection of
locomotor performance in gastropods is limited
by their narrowed thermal breadth for activity and
reduced scope of locomotion. TIM is not confined
to intertidal gastropods, but has rather evolved
independently along several lineages occurring in
discrete marine ecological situations, including
rocky shore and sandy beach cnidarians (Actinia),
mollusks (Bullia, Patella, Littorina, Echinolittorina,
Mytilus, Crassostrea) and crustaceans (Carcinus,
Sphaeroma).98–105 The common factor in these
cases is the combination of unpredictable food
intake and environmental thermal variability.
TIM is comparatively poorly known in terrestrial
ectotherms. Although studies are increasingly
revealing exceptions to the “universal temperature-
dependence hypothesis” for metabolism of these
animals,1 their behavioral capabilities to buffer
environmental temperature change106 should lessen
the advantage of evolving TIM.
Animals that exhibit TIM show very different
thermal sensitivities of respiration and metabolism
when comparing active animals to resting animals
(Fig. 5). Yet the limits of their fundamental thermal
niche (acute thermal tolerance) are ultimately
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set by aerobic physiological capabilities (Fig. 5).
However, survivorship and fitness in thermally
heterogeneous environments relate largely to
energetic surplus, which in these animals becomes
compromised when temperatures rise above the
thermal limit for resting energy-conserving TIM,
when an energetically costly heat shock response
is induced96 (Fig. 5A). This contrasts with the
situation for most ectotherms, in which energetics
are compromised by environmental warming above
the optimum temperature, when performance
becomes suboptimal.63 Such contrasting scenarios
suggest a need to better understand the links
between respiration, metabolism, fitness, and
thermal niche of ectotherms from a perspec-
tive considering all mechanisms that enhance
energy surplus, not just temperature-related active
metabolic performance above some standard
resting level. The metabolic rate in resting animals
does not necessarily conform to rate-temperature
principles of physics as advocated by Brown and
colleagues107 and may be adaptive. Including resting
metabolism and the consequences of depression
of resting metabolism for the energy balance of an
animal will provide a better understanding of its
thermal niche, especially for those animals living
in potentially energy-sapping hot environments,




Field observations provide invaluable data when
comparing changes in field abundance, perfor-
mance, or mortality to the tolerance of species
to temperature extremes. Different ontogenetic
stages may differ in their vulnerability to extreme
field temperatures.121 For example, in Atlantic
cod, adult spawners and the earliest life stages
may be vulnerable to warming winters.108 Thermal
stress may also constrain specific life phases and
associated activities such as the spawning migration
of salmon61 or reproductive success in littoral
crabs.109 Observations of populations at the edge of
their thermal range are most informative, revealing
effects of extreme temperatures that may occur dur-
ing either summer or winter, for example the decline
of eelpout abundance following summer extremes
in the Wadden Sea, where it reaches its southern
distribution limit.60 On a larger scale, there is
additional evidence that species are shifting their
biogeographic distribution in response to climate
warming, which according to the recent Interna-
tional Panel on Climate Change fifth assessment
report110 is considered the most important driver
of ecosystem changes. Ocean warming has resulted
in distribution shifts of a wide range of marine
species, and these have already led to changes in
ecosystem composition and function.110,111 In order
to understand these distributional shifts as well as
the differences in response between species, one
needs to focus on thermal performance limitations.
These performance limitations will set in before
death (i.e., sublethal limits), and the resulting loss
in performance will have ecological impacts that
result either directly from population dynamics
or indirectly from species interactions. While it is
well known that thermal constraints exist at lower
levels of biological organization (individual protein
molecules, organelles like mitochondria, individual
cells), the OCLTT concept integrates these into
the context of the whole organism.51,59 According
to the OCLTT concept, sublethal performance
limitations arise through a mismatch between the
capacity and cost of the oxygen-supply system
in relation to tissue oxygen demand. These are
constraints experienced at the highest level of
functional complexity by affecting more body
compartments than other processes39,112 (Fig. 6).
Evidence that constraints act at this highest level
of complexity is provided by the observation that
molecular and organellar functions display wider
thermal tolerance ranges when they are isolated
from the organism.113 However, within the context
of the organism, these molecular and organellar
functions are affected by the higher-order ther-
mal constraints of the whole organism (e.g., by
hypoxemia and associated oxidative stress (cf.
Ref. 114)). This means that individual molecular
or organellar functions in vivo may become limited
earlier than when extracted from the organism
context. Characterizing the role of oxygen supply
and demand at the whole-organism level and
aerobic metabolism at the mitochondrial level as
mechanisms underlying thermal limitation thus
requires acknowledging their interaction and feed-
back loops across different levels of organization in
whole organisms.
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Figure 6. The rise in organizational complexity between prokaryotes, unicellular eukaryotes, and metazoans (cf. Ref. 112)
correlates with a drop in the upper limits of thermal tolerance. Thus, limits to whole-organism thermal tolerance seem to be set at
the highest complexity level (the level involving the largest number of compartments), which in animals comprises cells and organs
involved in oxygen supply and demand. Modified from Ref. 39.
Conclusion: can respiratory physiology
predict thermal niches?
Organisms can survive, grow, and reproduce if the
energy they obtain is sufficient to cover all metabolic
costs associated with their everyday life plus the
amount required to cope with environmental vari-
ability. For water-breathers, the oxygen required to
generate energy is more likely to become limiting
than for air-breathers, and hence air-breathers are
better equipped to meet increased or varying oxy-
gen demand under cyclic (daily or seasonal) and
anomalous warming (e.g., unpredictable heat event
and climate change). In water, there is evidence that
oxygen is directly involved in setting thermal lim-
its, thus forging a direct link between respiration
physiology and thermal niches. On land, oxygen is
more plentiful and other stressors, notably related
to water conservation and energy allocation, may
come into play. In both media, the minimization of
energy losses and water losses is achieved through
physiological adaptations such as the evolution of
lower metabolic rates or discontinuous breathing.
These adaptations link respiration and warming,
with higher temperatures resulting in increased gas
exchange to maintain aerobic capacity, enhanced
respiratory transpiration affecting the water bal-
ance, or more energy being diverted to maintenance
affecting the energy balance. Thus, they exemplify
various ways in which respiration can limit the ther-
mal niche dimensions of a species.
A central point in our review is that elevated
metabolic rates can be viewed both as a boon and
a burden. When metabolism represents the ener-
getic maintenance costs (standard metabolic rate),
it becomes clear that increased metabolism diverts
energy away from growth and reproduction, thus
reducing the fitness of an organism. Alternatively,
metabolism can represent the flow of energy (aero-
bic scope), reflecting the capacity of an organism to
be active, grow, and reproduce. Following this view,
increased metabolism would also increase the fitness
of an organism. It therefore matters how thermal
responses in metabolism are quantified, whether
something is constraining metabolism (e.g., insuf-
ficient oxygen delivery) as well as the context and
time scale at which thermal responses in metabolism
take place (diurnal scale, acclimation response, or
rapid evolution). Therefore, a perspective on ther-
mal niches from respiration physiology needs to
be widened beyond measuring oxygen consump-
tion rates and aerobic scope. Thermal sensitivity of
metabolism and the capacity for acclimation or the
lack thereof are important for the understanding
of thermal specialization66 as well as the ability of
an animal to regulate its oxygen consumption.122 In
addition, water balance may be critical for terrestrial
air-breathing ectotherms, while thermal constraints
on food acquisition may have driven the evolution
of TIM in intertidal animals in a manner that does
not fit with current textbook theory.
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Clearly, different metabolic challenges occur
depending on the respiratory medium and the ther-
mal regime (low versus high, stable versus fluctu-
ating), but also on the evolutionary adaptations of
a species (e.g., gas-exchange mechanism, mode of
locomotion, and thermal window for energy gener-
ation). Each of the arrays of adaptations that have
evolved involves different ways to deal with the var-
ious problems raised by the environment, such as
the need to restrict water loss or the evolution of
temperature-insensitive metabolism to save energy
across part of the thermal window. Through the
adoption of a hierarchical framework that consid-
ers the urgency by which different requirements
need to be met (oxygen uptake, CO2 excretion,
water homeostasis, etc.), one can make sense of
the—sometimes—contrasting experimental results
found. More generally, an integrative, multivariate
view incorporating respiratory challenges, thermal
responses, and energetic consequences is likely to
provide insight that would be impossible to achieve
if each of these traits were considered in isola-
tion, and may be helpful both to improve our
understanding of how thermal niches have evolved
and to project the consequences of climate change
for organisms. Such an integrative view of cli-
mate impacts across levels of biological organiza-
tion needs to be followed through in experimental
work and should be included in future modeling
efforts for projections of ecosystem change. Specifi-
cally, future research addressing the following ques-
tions will help improve our understanding of how
thermal niches have evolved:
1. How taxonomically and ecologically wide-
spread is TIM as a means to maintain posi-
tive energy budgets and is it always associated
with rapid temperature fluctuations?
2. Does the scaling exponent of metabolic rate
differ with temperature, and do these effects of
temperature differ with respiratory medium
(water or air)?
3. Is metabolic scaling causally linked to differ-
ences in growth trajectories?
4. Do differences in oxyregulatory ability among
species predict the degree to which heat-
tolerance limits are set by oxygen?
5. Under which conditions (e.g., time scale,
severity of stress) is the thermal niche associ-
ated with respiratory water loss, and does this
explain evolutionary patterns in respiratory
water loss across taxa inhabiting contrasting
environments?
6. Do polar stenotherms, tropical stenotherms,
and temperate eurytherms differ consistently
in thermal sensitivity of performance, accli-
mation capacities, and evolutionary potential?
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39. Pörtner, H.-O. 2002. Climate variations and the physiologi-
cal basis of temperature dependent biogeography: systemic
to molecular hierarchy of thermal tolerance in animals.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 132: 739–
761.
40. Verberk, W.C.E.P., U. Sommer, R.L. Davidson & M.R.
Viant. 2013. Anaerobic metabolism at thermal extremes:
a metabolomic test of the oxygen limitation hypothesis in
an aquatic insect. Integr. Comp. Biol. 53: 609–619.
41. Woods, H.A. 1999. Egg-mass size and cell size: effects of
temperature on oxygen distribution. Integr. Comp. Biol. 39:
244–252.
42. Hoefnagel, K.N. & W.C.E.P. Verberk. 2015. Is
the temperature-size rule mediated by oxygen in
aquatic ectotherms? J. Therm. Biol. DOI: 10.1016/
j.jtherbio.2014.12.003.
43. Horne, C.R., A.G. Hirst & D. Atkinson. 2015. Temperature-
size responses match latitudinal-size clines in arthropods,
revealing critical differences between aquatic and terrestrial
species. Ecol. Lett. 18: 327–335.
44. Verberk, W.C.E.P. & D.T. Bilton. 2013. Regulatory ability in
aquatic insects dictates their vulnerability to global warm-
ing. Biol. Lett. 9: 20130473.
45. Giomi, F. et al. 2014. Improved heat tolerance in air drives
the recurrent evolution of air-breathing. Proc. R. Soc. B 281:
20132927.
46. Ern, R. et al. 2014. Oxygen delivery does not limit thermal
tolerance in a tropical eurythermal crustacean. J. Exp. Biol.
217: 809–814.
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